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AJISTRACT

The Earth’s energy balance and hydrology are effected by the distribution and
characteristics of snow cover on the surface. Snow grainsize and snow melt, influence surface
albcdo  and hydrology. A model of snow reflectance that depends on both grainsize and surface
melt water was developed to derive these parameter from remote spectral measurements. This
reflectance mode] is based on a discrete ordinate radiative transfer approach that uses Mie
calculations of snow optical properties which are. based on the complex refractive index of ice
and water. “l-his snow model was linked to an atmospheric radiative transfer code and a
nonlinear least squares fitting algorithm. The resulting combined algorithm was applied to an
AVIRIS snow data set acquired over Mammoth Mountain, California. Maps of grainsize and
surface snow melt were generated that are consistent with the expectecl  ranges and distributions
for condition at the site.

JNTROI)UCTION

Snow is an important component of the Earth system with influences on the IIarth’s
energy balance and hydrology. The high albedo  of snow effects the amount of sc)lar radiation
reflected from the surface to space. The stcmage  and release of water by snow is an essential
component of the hydrologic cycle in many regions. Snow occurrence and snow properties are
variable over space and through time, in the mid and high latitudes of the Earth. The spatial and
temporal variability of snow, coupled with the importance to the Earth’s energy balance and
hydrology, justifies pursuit of new measurements and algorithms for the remote derivation of
snow parameters.

‘1’wo important properties of snow are grainsize  and snow melt. ‘J’he ablcdo of snow is a
function of grainsize and the release of liquid water from snow, which occurs through melting.
‘J’hc reflectance of snow in the solar reflected spectrum was shown to be sensitive to grainsize
(Wiscombe  and Warren, 1980; I)oz;ier, 1987). “J’his sensitivity was used with spectra acquired by
the Airborne Visible/Infrared imaging Spectrometer (AVIRIS)  to estimate grainsizc  remotely
(Nolin  and Dozier, 1993). AVIRIS spectra are measured from 400 to 2500 nm at 10 nm
intervals and are acquired as images of 11, up to 100 km with 20 by 20 m spatial resolution.
More recently, the presence of liquid WatCI” in melting snow was shown to be expressed in the
reflectance spectrum (Green and Dozier, 1995). “J’his paper presents a new algorithm and results
showing the simultaneous derivation of grainsize  and snow melt water from calibrated AVIRIS
spcct  ra.

AVIRIS data were accluired over Man]moth  Mc)untain,  in east central California on 2,1
May 1994 at 18:35 U’J’C. “J’he air temperature at site, at 2.926 m was measured at 15 minute
intervals during the day preceding the AVIJ<IS data acquisition. At this location the air
temperature remained above freezing, the night of May 20 it rose to 6°C by the time of the
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overflight on May 21. These temperature conditions are consistent with snow melt water at the
surface over portions of Mamtnoth  Mountain when the AVIRIS data were acquired.

J’igure 1. AVIRIS image of Mammoth Mountain, CA acquired on the21 st of May 1994.

MOI)I’:l.  S

Snow reflectance is mode]ecl as a function of grainsiz.e  and liquid water based on the
inherent optical properties of ice and liquid water. ‘1’he real and imaginary components of the
complex refractive index for ice and water (Warren  1984, Kou et al. 1994) are shown in }~igurc 2
and ~.

l;igure  2.

Complex Refractive Index of Ice and Liquid Water

<.5

1 ‘“-”-------”-””  ““

-— — . .

1.4

t

-— Ice

-  -. -LIc+M  Wale,

400 700 1000 1300 1600 1900 2200 2500

Wavelength (m)

Real components of the complex refractive inclex  of ice and liquid water.



Complex Refracllve  Index of Ico and Llquld Water

I.00E+O1

1.00E+oo

1,00E.01

1.00E.02

s

? 1,00E.03
:
E
= 1.00E.04
g

5 1,00E-05
:
.
g 1 .00E06

c?
1.00E.07

! ,00E.08

400 700 1000 1300 1600 1900 2200 2500

wavelength  (rim)

};igure 3. Imaginary components of the complex refractive index of ice and liquid water.

‘J’he refractive indices were used to model snow reflectance as a mixture of ice and liquid
water spheres. “J’his  approach allows the use of Mie (Wiscombe,  1982) calculations for the
single- scattering- albedo and scattering phase functions for different grainsizes and liquid water
amounts. I;igure 4 shows these parameters for 500 ym grainsiz.e  snow with 0.0 and 25.0 ‘%0

liquid  water of total water by volume. l’he presrnce  of the liquid water decreases and shifts the
regions of spectral absorption towards shorter wavelengths.
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l;igure 4. “1’he  single-scattering-albedo  and asymmetry parameter from Mie calculations for 500
pm grainsiz,e snow with 0.0 and 25.0 % liquid water.
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These Mie parameters were used to constrain a discrete ordinate radiative transfer code,
DISOR1’ (Stattmes, 1988), and model the directional-hemispherical reflectance of snow. A
semi-infinite snow thickness was adopted. The solar illumination angle was 19.3°. The same as
at the time of AVIRIS data acquisition. Modeled reflectance for 500 ~m~ grainsize with 0.0 and
25.0 5Z0 liquid water is shown in Figure 5. The presence of liquid water modifies the regions of
absorption in the modeled reflectance. ‘l’his effect is strong] y apparent near the 1030 nm ice
absorption where the reflectance of the snow is high.
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l~igure  5. IIircctional-hernispherical  DISOR’1” modeled snow reflectance for 500 ILIN grainsiz.e
snow with 0.0 and 25.070 liquid water.

1’o derive the snow grainsize and liquid water of snow melt from AVIRIS  data, the
MOD1’RAN3  (Kneizys,  1988, Berk, 1989) radiative transfer code was linked to the snow
reflectance model to allow compensation for the atmosphere (e.g., water vapor). The combined
surface and atmosphere model was integrated with the simplex nonlinear least squares fitting
a]gorithm  (1’I’css, 1987).

ANAI,YSIS  AND RESUI, TS

“l’he resulting combined snow parameter algorithm was applied to every spectrum in the
AVIRIS Mammoth Mountain data set. A spectr:i]  range from 8500 to 1100 was used in the fit,
based on the expressed dependence of the reflectance on grainsiz,e and melt water in this region.
A spectral fit rcsu]t at low elevation and high elevation on the Mammoth Mountain are given in
liigure 6 ancl 7 respectively. At low elevation a grainsize  of 900 pm and melt water of 15.9 % is
required. I/or the high elevation case, a grainsim of 230 ~lnl  and melt water of 2.1 70 is derived.
}iigures 8 and 9 show the grainsiz.e and snow melt maps for the entire image.  Over the full clata
set, the distribution of g.rainsiz,e  ranges from 1000 to 100 pm from the lower mountain to the
summit. Melt water ranges from 16 tc~ 2 % for homogcnec)us  snow regions from the lower
mountain to the summit. Snow melt water values are anomalously high in regions where
vegetation occurs  on the mountain. ‘l’he expression of liquicl  water in the. leaves of the
vegetation, results in over estimates of the melt water in snow,
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Figure 6. Snow grainsize  and melt water spectral fit. This result is from a
area low on the mountain. A large grainsiz.e and high melt water content are

homogeneous snow
requirec! for the fit.

AVIRIS Snow Gralnsize and Melt Water Spectral Fit
Mammoth Mtn Summit
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l;igure 7. Spectral fit from high on Mammoth MOUntaill. A small grainsiz.e  and low melt water
content are produced from the algorithm.



};igure  8. ln~age  result of grainsiz.e distribution for the AVIRIS Mammoth Mountain data set.

liigure 9. Snow surface melt water clistribution  from AVIRIS data set. Anomalously high melt
water is clcrived in areas where vegetation and leaf water is present with snow.



CONCI.USION

l}le optical properties of ice and water were used to develop a model of snow reflectance
based on grainsize  and surface melt water. 7’his model was linked with the MODTRAN3
atmospheric radiative transfer code and a nonlinear, least squares fitting algorithm. The resulting
integrated snow grainsize and surface melt water algorithm was applied to an AVIRIS data set
acquired over Mammoth Mountain, California. Derived grainsiz.e and melt water distribution
where consistent with the range of elevations and temperatures for the data set, Anoma]ous
estimates of melt water where observed when vegetation leaf water was present with the snow.
‘l’his methodology and algorithm demonstrate a basis for derivation of the snow parameters of
grainsize  and surface melting from remote measurements. Derivation of snow parameters
remotely is essential to detect, measure and monitor snow in the Earth system through space and
time.

Results of snow grainsize  and surface melt will be validated with available in situ
measurements for these and other data sets. “l”he model will be at]gmented  to account for and
compensate for the presence of vegetation with the snow. An alternate approach to modeling
liquid water in snow as liquid water coated spheres of ice will be developed and evaluated with
respect to this model. Sensitivities to the hi-directional clistribution  function of snow and the
dependence on ,grainsize  and melt water will be investigated.
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